Abstract Lead magnesium niobate-lead titanate [Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 ] powders doped with different mole % of CeO 2 were prepared by a modified columbite route with compositions corresponding to morphotropic phase boundary (MPB) region. These powders were calcined at 800°C for 4 h and circular test specimens were prepared by uniaxial pressing. The specimens were sintered at 1150°C/2 h, poled at 2 kV/mm d.c. voltage and were characterized for dielectric, ferroelectric and piezoelectric properties. It was observed that the piezoelectric and ferroelectric properties initially increase up to 2 mol% of ceria addition and then decrease with increase in ceria concentration. The diffusivity of the dielectric curves increases with increase in ceria concentration. The decrease in Curie temperature was observed from 173°C corresponding to pure PMN-PT to a temperature of 138°C for 10 mol% of ceria addition.
Introduction
Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 ceramics are known for their high electrostrictive, piezoelectric and dielectric properties [1] [2] [3] [4] . It is a very attractive material used for various applications such as multilayer capacitor and electromechanical systems etc. [5] [6] [7] [8] . It is a crystalline solid solution of two perovskites. (i) Pb(Mg 1/3 Nb 2/3 )O 3 (PMN), a relaxor ferroelectric with a diffused phase transition and with a curie temperature (T c ) of -15°C and (ii) PbTiO 3 (PT), a normal ferroelectric with a sharp phase transition and with a T c of 490°C. The addition of PT to PMN shifts the temperature of dielectric maximum to higher temperature [9] .
PMN-PT solid solution exhibits a morphotropic phase boundary (MPB) between a rhombohedral phase and a tetragonal phase near compositions of about 30-35 mol% PT [10, 11] where dielectric and piezoelectric constants [4, 12] are very high. Similar to PZT system the properties of PMN-PT are enhanced further by the addition of dopants. Wu et al. [13] studied the La-doped PMN-PT materials and were observed that there is a change of ferroelectric transition from normal to a diffuse one with increase in La content and the piezoelectric coefficient was largely improved with increasing La content. Zhong et al. [14, 15] reported the effect of fixed amount (2 mol%) of rare earth elements such as Sm, Nd, Yb, Ce and also some transition element oxides like WO 3 , etc. on dielectric properties of 0.67PMN-0.33PT composition. They reported that the doping of Sm, Nd and Yb showed a normal ferroelectric behavior but Ce doped samples showed a relaxor like ferroelectric behavior in their dielectric constant versus temperature curve and the dielectric maxima of WO 3 doped sample increased up to 0.5 mol% which then decreased with increase in WO 3 content. Wang and Tang [16] studied the effect of ''Ta'' on dielectric properties of PMN-PT ceramics and reported that the dielectric constant significantly increases with 10% Ta-doping and exhibited a sharp peak with less frequency dispersion in its dielectric curve.
To our knowledge, there is no literature available on effect of ceria on PMN-PT system although its effect has been studied in other system such as BaTiO 3 [17, 18] . According to Issa et al. [19] , the permittivity of BaTiO 3 increases with CeO 2 addition up to 0.5 mol%, and then decreases with increasing CeO 2 concentrations. Similarly, the curie temperature decreases to 92°C by addition of 0.05-2 mol % of CeO 2 . Park and Song [17] reported that addition of CeO 2 to BaTiO 3 decreases the ferroelectric transition temperature (T c ) of cubic-tetragonal forms. In this study, an attempt has been made to study the effect of CeO 2 on the dielectric, ferroelectric and piezoelectric properties of PMN-PT materials.
Experimental procedure
Reagent grade basic MgCO 3 (Nice chemicals, 99.5%), fine particle sized Nb 2 O 5 powder (SD fine chemicals, 99.5%), lead acetate (Loba chemicals, 99.5%), TiO 2 powder (SD fine chemicals, 99.5%) and CeO 2 powders (IRE, 99.99%) were used as precursors. The concentration of MgO in basic MgCO 3 was estimated gravimetrically. A modified columbite root was adopted for the preparation of ceria doped PMN-PT materials. Excess 3% MgO was added to minimize the pyrochlore phase formation [1, 18, 20] . In the first stage required amount of basic MgCO 3 was slowly dissolved in an appropriate amount of 10% oxalic acid solution at room temperature and low pH was maintained to keep the oxalates in the solution form. Nb 2 O 5 powder was then dispersed in the above solution. The liquid portion was evaporated slowly by gentle heating leaving welldispersed Nb 2 O 5 powder uniformly coated with magnesium oxalate. The powder was calcined at 1,050°C for 6 h [21] for columbite phase formation and the phase purity was confirmed by XRD.
In the second stage, TiO 2 and CeO 2 powders were dispersed in calculated amount of Pb(CH 3 COO) 2 solution. Ten percent oxalic acid solution was slowly added with constant stirring in order to precipitate lead oxalate. The precipitate was dried to obtain a homogeneous mixture of lead oxalate, TiO 2 and CeO 2 powder. This powder was thoroughly mixed with columbite powder obtained in the first stage and were calcined at 850°C for 4 h for PMN-PT phase formation. This calcined powder was milled for 4 h for deagglomeration and with 2% PVA binder, the powders were uniaxially pressed into discs of 2-2.5 mm thickness and were sintered at 1150°C for 2 h in a closed lead rich atmosphere. The phases present in the calcined powders of columbite and PMN-PT were identified by XRD (M/s. Phillips, Holland) with 2h from 20°to 60°at a scanning rate of 2°/min. The morphology of the sintered body was observed by scanning electron microscopy (SEM). The density of the sintered samples was measured by Archimedes principle. For electrical measurements, the sintered compacts were ground and polished to have parallel surfaces, ultrasonically cleaned and electroded with silver paste. After air-drying, the specimens were cured at 600°C for ½ h. The dielectric and loss factor measurements were carried out on an automated LCZ meter (1061, Zentech) with variation of temperature as well as frequency. The Curie temperature (T c ) of the samples was obtained from the dielectric measurements at the point of maxima. For measurement of piezoelectric properties specimens were poled in silicon oil under an electric field of 2 kV/mm and the values were measured by a piezometer (Model PM-35, M/s. Take control, UK). The remnant polarization (P r ), saturation polarization (P s ) and coercive field (E c ) of the samples were recorded at 50 Hz with an ac field of 25 kV/ cm by a modified Sawyer-Tower circuit (M/s Digital systems, Model HLT-2, Mumbai).
Results and discussion

X-ray diffraction
From Fig. 1 it is observed that columbite powder with 3% excess MgO has a single perovskite phase. This is in good agreement with the observations made by previous workers [1, 18, 20] . X-ray diffraction patterns of calcined PMN-PT powders were shown in Fig. 2 . While pyrochlore phase was absent in samples with small amount of ceria (up to 2 mol%), it was found present in the samples with higher concentration of ceria. The ratio of relative intensity of the (222) plane of pyrochlore phase (I PYRO ) to the (110) plane of perovskite PMN-PT phase (I PEROV ) were used to measure the volume percent of pyrochlore as per Eq. 1: Based on the above, pyrochlore phase was measured to be 15% and 30% for samples with 5 and 10 mole% of ceria, respectively. This is similar to the observation made by earlier workers on higher mole % of La modified PMN powders [22] . The explanation for the excess pyrochlore phase formation in case of higher ceria doped (5-10 mol%) PMN-PT is as follows.
The addition of ceria dopants is expected to replace ''A'' site Pb 2+ by Ce 3+ causing lead vacancy. This is similar to the study made by Chen et al. [23] on La 3+ doped PMN. Since, lead vacancies are not favorable defect species in this system; therefore, magnesium niobate is precipitated to restore the equi-molar ratio of A and B in the A(B¢B †)O 3 perovskite PMN-PT structure. The precipitation of magnesium niobate is associated with release of Nb 2 O 5 due to its excess (MgO:Nb 2 O 5 = 1:2) in PMN structure. This could be explained as follows:
Therefore, the above reactions suggest that higher ceria addition creates higher lead vacancies, which increases the pyrochlore formation. concentration increases. For most of the ferroelectric materials, ferroelectric properties, such as dielectric constant, saturated polarization, remnant polarization and coercive field, are all dependent on grain size of the materials [24] . Damjanovic and Demartin [25] and Randall et al. [26] reported on BaTiO 3 and Pb(Zr 1-x Ti x )O 3 systems, respectively, that the number of domain variants will increase with the increase of the grain size. This is because increase in grain size reduces the volume fraction of grain boundaries. As a result, the coupling effect between the grain boundaries and the domain wall (which makes domain reorientation more difficult and severely constrains the domain wall motion) will decrease. Thus the domain wall mobility will increase, leading to an increase in dielectric constant, with grain size. The densities of the sintered samples was measured by Archimedes's principle and are 7.62, 7.85, 7.76 and 7.71, respectively, for 0, 2, 5 and 10 mol% of ceria doped PMN-PT samples.
Dielectric properties Figure 4 shows the variation of dielectric constant (K) and loss factor with temperature at different frequencies (0.1 KHz-200 KHz) for 0, 2, 5 and 10 mol% of ceria doped PMN-PT samples as representative figures. In case of pure PMN-PT, there is a gradual increase in dielectric Fig. 4 Temperature variation of dielectric constant (K) and loss factor with different mol% of ceria at different frequency constant up to 173°C and then decreased further with the increase in temperature measured up to 250°C. With the increase in frequency, the maxima of the dielectric constant peak were found decreased and the loss factor increased. The increase in ''K'' value up to transition temperature is in the expected lines and could be due to the dominance of interfacial polarization over dipolar polarization [27] . It is also observed from the Fig. 5 that the dielectric constant (K) of all the samples increases slowly as the temperature increases to a certain value. At high temperature the observed K value increases much faster with temperature exhibiting a maximum value (K m ) at transition temperature (T m ) after which it starts decreasing. The magnitudes of K increases up to 2 mol% of ceria and then decreases as ceria concentration increases. This could be explained based on the grain size observed from SEM studies on polished sintered PMN-PT specimens (Fig. 2) . From the figure, it is clear that the grain size decreases with the increase in ceria concentration. The higher grain size at lower concentration is attributed to the minimum pyrochlore level, which increases with the ceria content similar to the observation made by XRD studied. The higher dielectric constant for the samples containing less ceria is due to the minimum pyrochlore phase. A reverse trend was observed in case of tand, which is obvious.
The values of T m of the samples were noted from the dielectric versus temperature profile. It was observed from the Fig. 6 that T m is about 173°C for undoped composition and gradually decreased to 138°C for 10 mol% of ceria doping. This observation is in the expected line since addition of dopants decreases T m .
It can be also observed the mode of transition for the ceria substituted samples look to be diffused at higher concentration (>2 mol%). The above feature can be understood qualitatively by analyzing the data using the empirical formula proposed by Uchino and Nomura [28] as: where, c is the diffuseness exponent and varies between 1 and 2 depending on the nature of the phase transition. For c = 1, Eq. 1 reduces to Curie-Weiss law and for c = 2, it becomes quadratic law. The value of c can be determined from the slope the plot of log (1/K -1/K m ) versus log (T -T m ), which is shown in Fig. 7 for different ceria amount at 100 Hz. The values of c are given in Table 1 . It is seen that the values are very close to 1 up to 2 mol% CeO 2 indicating that the compounds obey Curie-Weiss law above the transition temperature. The values are comparatively high for higher concentration of ceria (reaches 1.65 for 10 mol%), which indicates the increase in the diffuseness of the system. This diffuseness could be due to higher compositional fluctuations and structural disordering associated with higher dopant level.
Piezoelectric properties
The change in piezoelectric charge coefficient (d 33 ) of the ceria doped PMN-PT samples were shown in Fig. 8 . It is observed that, the d 33 value initially increases up to 2 mol% and then decreases with increase in ceria concentration. This behavior is attributed to (i) the soft nature due to addition of Ce 3+ in place of Pb 2+ and also due to (ii) formation of pyrochlore phase which is precipitated near the grain boundaries, therefore, hinders the domain wall movement. This is similar to that reported by Zhong et al. for WO 3 doped PMN-PT [15] . In addition, the third factor could be the decrease in grain size as observed from SEM pictures might contribute in lowering the piezo-properties by hindering the domain wall movement.
Ferroelectric properties (hysteresis loop)
The typical hysteresis loop of ceria doped PMN-PT samples at room temperature were shown in Fig. 9 . A high electric field (20-25 kV/cm) was required to obtain saturation polarization. From the above figure, it is clearly evident that the shape of P-E loops varies greatly with the ceramic compositions. The hysteresis loop of 2 mol % ceria has a typical ''square'' form. This is a typical characteristic of a phase that contains long-range interaction between dipoles in the ferroelectric micro-domain state.
The saturation polarization (P s ), remnant polarization (P r ) and coercive field (E c ) were determined from the hysteresis loop. From Fig. 10 , it is observed that, the value of polarization increases up to 2 mol% of ceria and then decreased with increase in doped ion concentration. The coercive field gradually decreases with increase in ceria concentration. This phenomenon can be interpreted in terms of polarization mechanism. It is observed from the Fig. 6 that the diffusivity of the curves gradually increases with ceria concentration, which indicates the increase of relaxor behavior in the samples. Due to this the reorientation of microdomains cannot contribute much to E c during the polarization, and the lower values may be attributed to electrostriction, induced mainly by dipolar and ionic polarization [29] .
Conclusions
Ceria doped PMN-PT samples were prepared by a modified columbite route and were characterized for ferroelectric, piezoelectric and dielectric properties. The dopant enhanced the piezoelectric and ferroelectric properties up to 2 mol% by facilitating easier domain wall movement due to the soft behavior induced by Ce 3+ in place of Pb 2+ . Thereafter, the above properties further decreases with increase in dopant concentration due to the formation of pyrochlore phase, precipitation of excess dopant near the grain boundaries hindering the domain wall movement. The nature of ferroelectric transition from normal to diffused type was observed by the incorporation of higher amounts of ceria (>2 mol%). The transition temperature was 173°C for pure PMN-PT and then gradually reduced to 138°C with the increase of ceria content up to10 mol%. 
